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The	Center	for	Laser	Experimental	Astrophysics	
Research	studies	high-energy-density	phenomena	
that	are	relevant	to	astrophysics	
•  We	advance	fundamental	

understanding	of	HED	dynamics	
relevant	to	astrophysics	
–  RadiaKon	hydrodynamics		
–  Complex	HED	hydrodynamics		
–  MagneKzed	flowing	plasma	

•  While	advancing	the	required	infrastructure	
–  Computer	simulaKon	
–  Target	fabricaKon	
–  X-ray	diagnosKcs	

•  The	ulKmate	goal	of	these	acKviKes	is	to	train	
junior	scienKsts	

X-ray	radiography	of	a	RT	
experiment	at	the	NaKonal	
IgniKon	Facility	with	high	
energy	fluxes	



CLEAR	team	is	oriented		
toward	training	students	
•  Post	Docs:	Gray,	Young	
•  Recent	Grad	students:	

–  Rasmus	(LANL),	Young	(UM),	Wan	(LANL),	
MacDonald	(UCB/LLNL),	Fein	(SNL)	

•  Current	Grad	Students:	
–  Belancourt,	Elgin,	Levesque,	VanDervort,	
Angulo,	Lefevre,	Coffing,	Melean,	(Ma,	
Cearly,	Wadas)	

–  Many	undergrads	(10)	
•  We	graduate	about	1	–	2	students/year	
•  We	have	an	excellent	publicaKon	record!	

–  >	100	since	2009	
–  ~12/year	



Our	graduates	have	proven		
adracKve	to	NNSA	labs	
•  Most	of	our	students	come	through	the	UM	

Applied	Physics	Program		
–  Outstanding	applicants;	highly	compeKKve		
–  Diverse	program	–	30%	women,	30%	URM	
–  Imes-Moore	Fellowship	(1st	generaKon	ciKzen,	
1st	generaKon	college,	financial	hardship)	

•  Since	2007	we	have	graduated	13	PhDs	from	
CLEAR	and	its	predecessors		
–  8	went	into	the	NNSA	labs	(3	LLNL,	3	LANL,	2	
SNL)		

–  2	went	into	HEDP	at	SLAC	and	General	Atomics	
–  2	remain	in	HEDP	in	universiKes		
–  2	went	into	industry		

Harding,	SNL	

Di	Stefano,	LANL	

HunKngton,	LLNL	



CLEAR	relies	on	experienced	senior	
scienKsts	with	a	breadth	of	experience	
•  Faculty:		

–  Kuranz,	Drake	
•  Staff:		

–  Trantham,	Klein,	Gillespie		

•  AddiKonal	Faculty	at	UM:		
–  Johnsen	(ME),	McBride	(NERS),		
– Willingale	(EECS),	Thomas	(NERS)	

Kuranz	 Drake	 Klein	 Trantham	



We	experiment	and	collaborate	at	
many	HEDP	faciliKes	
Led	by	CLEAR:	 Facility	 CollaboraKve	

parKcipaKon	
Facility	

RadiaKon	Hydro	 Omega		 XRTS	 Omega	

Complex	Hydro	 Omega/NIF	 LLNL	Complex	Hydro	 Omega	&	NIF	

MagneKzed	Flows	 Omega/JLF	 LANL	Complex	Hydro	 Omega	
Astrophysical	Dust	 Jupiter		 Complex	Hydro	 LMJ	

X-ray	Thomson	Scad.	 Omega/NIF	 RadiaKve	shocks	 LMJ	
MagneKzed	Flows	 LULI	



We	have	been	fabricaKng	targets	for	
our	experiments	since	2004	

Sallee	Klein	and	students	gas	filling	
targets	at	LLE	

Omega-EP	Kelvin	Helmholtz	
target,	Wan,	Malamud	

Some	components	are	
fabricated	at	General	Atomics	

Components	for	
photoionizaKon	
front	gas	target	



Where	are	these	condiKons		
found	in	nature?	

R.P.	Drake,	Physics	Today	



Hydrodynamic	fluids	described	by		single-
fluid	Euler	EquaKons	

•  See	Ryutov	et	al.	ApJ.,	518,	821	(1999)	
–  Supernova	hydrodynamics,	a	young	SNR,	ring	collision,	and	radiaKve	

SNRs	
•  See	also	Falize	et	al	Astrophysics	and	Space	Science	2009		and	

Cross	et	al	Nature	CommunicaKons	2016	
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Euler	EquaKons	are	invariant	under	
transformaKon	

� 

rSN = arlab

� 

ρSN = bρlab

� 

pSN = cplab
SN lab 

r 1011 cm 102 µm 

ρ 10-2 g/cc 1 g/cc 

p 10 Mbar 1 Mbar 

t 1000 s 10 ns 

� 

tSN = a b
c
tlab

If	two	systems	are	hydrodynamic	and	related	by	the		
transformaKon	below	then	there	is	a	direct		
correspondence	between	the	two	systems*	

*Ryutov	(1999)	



Lab	experiment	must	be	in	the	same	regime	as	
astrophysical	object	

•  System	must	be	highly	collisional,	λc	<<	r	
•  Viscosity	negligible,	Re	>>	1	
•  Heat	conducBon	negligible,	Pe	>>	1	
•  RadiaBon	flux	negligible,	PeΥ	>>	1	
	

SN	 lab	
r/λc		 106	 104	
Re	 2.6	x	1010	 1.9	x	106	
Pe	 1.5	x	1012		 1.8	x	103	
PeΥ	 2.6	x	105	 …	

τBB/τhydro	 …	 580	



Hydrodynamics	instabiliKes	oven	
occur	in	HED	astrophysical	systems	

15 June 11, 2011 

Complex Post-Explosion ccSN Dynamics 
Triple 
Point 

Rayleigh-Taylor 
Rayleigh-Taylor 

Triple 
Point 

Kelvin-Helmholtz Leading Shock Front 

Kelvin-Helmholtz 
Fallback 

Reverse Shock 
Reverse Shock 

Ardent simulation from Tomek Plewa 



Shear	drives	the		
Kelvin	Helmholtz	instability		

1u

2u
R.P. Drake, High Energy Density 
Physics  

Shear flow between two layers creates vorticity at the interface 
causing vortices to develop and grow 

γ KH = k(Δu)
2

1− A2



VorKcity	drives	the		
Richtmyer-Meshkov	process	

Jacobs, Phys. Fluids 2005 
O. Schilling 

When a shock crosses a rippled interface, vorticity is 
deposited and causes the perturbation to grow 

daRM
dt

= kupsApsaps



Buoyancy	drives	the		
Rayleigh	Taylor	instability	

Denser	

Acceleration 

Density Pressure 

Less dense 

Denser 

A blast wave crossing an interface with a drop in density, creates 
an opposing pressure and density gradient, and perturbations on 
the interface will grow 
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€ 

∇P γ RT = Agk



Benefits	of	performing	hydrodynamic	
instability	experiments	using	high-energy-
density	faciliKes		

•  We	use	solid	materials	with	known	
perturbaKons	and	density	gradients	

•  “Drive”	condiKons	(laser	or	pulsed	power)	
can	create	different	acceleraKon	histories	

•  We	can	reach	high	Re	=	UL/ν	and	M	=	U/cs	
•  We	can	explore	radiaKve	or	magneKc	effects	





Omega	EP	has	4	individual	lasers	

•  4	beams,	1	ps	to	10	ns	
•  Can	be	sequenKally	fired	

OMEGA-EP	beam	amplifiers		OMEGA	EP	schemaKc		



We	“stack”	3	beams	in	Kme	to	create	
a	steady	shock	

We	sKtch	together	3,	10	ns	beams	for	a	
~27	ns	pulse	

Spherical	Crystal	Imager	
	
C.	Stoeckl,	Review	of	ScienKfic	
Instruments,	2012		
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We	aim	to	study	the	effects	of	
compressibility	on	KH	growth	

Be	windows	

Foam	

Shock	blocker	

Ablator	

Laser	

PC	ablator	

CHBr	insulator	

Shock	blocker	

Foam	
0.1	g/cc	

PlasBc	
1.4	g/cc	

Seed	perturbaBon	along	interface	
													λ=100	µm,	a=5	µm	Laser	

350	nm	
12	kJ	
28	ns	

Tracer	

Grad	student:	Willow	Wan		
Design:	Guy	Malamud	



We	modeled	the	experiment	in	CRASH,	a	
radiaKon	hydrodynamic	code	
•  1D,	2D	or	3D	
•  Dynamic	adapKve	AMR	
•  Level	set	interfaces	
•  Self-consistent	EOS	and	opaciKes	
•  MulKgroup-diffusion	radiaKon	

transport	
•  Electron	physics	and	flux-limited	

electron	heat	conducKon		
•  Laser	package		

–  3D	ray	tracing	for	2D	or	3D	runs	

3D Nozzle to Ellipse @ 13 ns

Material & AMR

Log Density

Log Electron Temperature

Log Ion Temperature

CRASH	code:	Van	der	Holst	et	al,	Ap.J.S.	2011		



CRASH	has	aided	in	the	design	and	
analysis	of	this	experiments	

22	



We	use	the	Spherical	Crystal	Imaging	
diagnosKc	for	high	SNR	radiographs	

Wan,	PoP,	2016	



Post	processing	the	images	allows	use	
to	see	small	structures	

Spherical	Crystal	Imaging	diagnosKc,	C.	Stoeckl	et.	al.	RSI	(2012)	

24	



The	data	support	an	inhibited	KH	
growth	rate	
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Normalized data vs. shear flow simulations

∆uts/λ
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λ

 

 

Measured
A=0.8, Mc=0.85
A=0.8, Mc=0.10

γ = γ inc
−1−Mc

2 + 1+ 4Mc
2

Mc

Mc =
Δu

c1 + c2

γ 	 	=			growth	rate	coefficient	
γinc	 	=			incompressible	growth	rate	

					 						coefficient	
c	 	 	=			speed	of	sound	
Mc		 	 	=			convecBve	Mach	number		

	 						(supersonic	at	>0.5)	

Wan, PRL 2015 
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Diagnostic 
tracer strip 

Plastic

ablator

preheat
shield

Foam 
0.4 g/cc

LASER
BEAMS

Diagnostic
x-rays

RM
interface

We	have	performed	the	first	HED	
“light-to-heavy”	Richtmyer-Meshkov	
experiment		

Design	enables	20	ns	constant	shock	
on	OMEGA	EP	

Grad	student:	Carlos	Di	Stefano	
Design:	Guy	Malamud	

rendered	drav	(top)	
actual	target	(bodom)	



Hyades	aided	in	the	RM	experimental	design	

Data	confirm	the	1D	hydro	

PAI
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We	observed	the	RM	unstable	interface	using	
spherical	crystal	imager	(SCI)	

Planar	interface	Rippled	interface	



We	observed	RM	mode	coupling	

Seeded	modes	

Harmonic	mode	 Di	Stefano,	Applied	Physics	Le2ers,	2015	





A	planar	blast	is	created	in	the	
experiment	using	a	1	ns	laser	pulse	



Key	components	of	target	

150	µm	plasKc	(1.41	g/cc)	
–  Tracer	strip	material:	

C500H457Br43	(1.42	g/cc)	
–  EnKre	surface	machined	

with	seed	perturbaKon	

2-3	mm	Carbonized	
Resorcinol	Formaldehyde	
(CRF)	foam	(50	-	400	mg/cc)	
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HED	RT	experiments	have	been	performed	on	many	
laser	faciliKes	over	the	past	2	decades	

	1995	 Late	90’s	 Early	2000	

2009	2004	 t = 34 ns

x [µm]

y 
[µ

m
]

2000 2500 3000

−500

0

500

1000

2015	



Comparing	data	to	the	2D	and	3D	
buoyancy-drag	model	

ρ1 + Caρ2( ) du
dt

= ρ2 − ρ1( )g − Cd

L
ρ2u

2

An	incompressible	model	for	Rayleigh-Taylor	mixing	

G.	Dimonte,	Phys.	Plasmas	7	(6),	2255-2269	(2000)	
D.	Oron,	Phys.	Plasmas	8	(6),	2883-2890	(2001)	

2D:   Ca = 2;    Cd = 6π
3D:   Ca = 1;    Cd = 2π



Once	corrected	for	decompression	
data	agree	with		buoyancy-drag	model	

100	mg/cc	foam	 50	mg/cc	foam	





We	performed	these	experiments	at	the	
NaKonal	IgniKon	Facility	

Laser	Bays	

Target	Chamber	

Control		
Rooms	



PI: Hye-Sook Park, Channing Huntington, Carolyn Kuranz, 
Aaron Miles, Forrest Doss, Kumar Raman 

We	use	to	NIF	drive	a	create	a	high-	and	low-
energy	flux	in	an	RT	unstable	system	



Typical	data	show	qualitaKve	and	
quanKtaKve	differences	between	cases	

High energy flux Low energy flux 



We	must	compare	the		
RT	growth	of	each	case	

A(t) is the Atwood number, g(t) is the acceleration and k is the wave number of the 
initial perturbation 

τ = γ RT∫ dt

γ RT = A(t)g(t)k



Experimental	data	and	CRASH	simulaKons	
are	in	good	agreement	

d



Experimental	data	and	CRASH	simulaKons	
are	in	good	agreement	



CRASH	simulaKons	also	show	a	
reducKon	in	RT	growth	

a b

τ = γ RT∫ dt

γ RT = A(t)g(t)k



CRASH	simulaKons	also	show	a	
reducKon	in	RT	growth	

1000 1100 1200 1300 1400 1500 16001000 1100 1200 1300 1400 1500 16001000 1100 1200 1300 1400 1500 1600

0.25

0.50
0.75

0

-0.5

0.5

Po
sit

io
n 

(µ
m

)

0.00

Position (µm)

	Comparison	of	simulated	nominal	and	reduced	opaciKes	



Astrophysical	and	experimental	parameters	



Key	dimensionless	parameters	

Both	systems	are	highly	collisional	with	negligible	viscosity	and	
energy	fluxes	due	to	radiaKon	and	heat	conducKon	are	higher	or	
comparable	to	the	mechanical	energy	flux	



HeaKng	is	possible	by	radiaKon		
and	electron	heat	conducKon	

Frad = neniΛD

Qe = 0.1nemeve,cs
3

Fmech = ρejvrs
3

Energy	flux	due	to	cooling	by	radiaKve	losses	
from	the	shocked	layer	

Mechanical	energy	flux		driving	the	shock-
heaKng	of	the	shocked	mader	

Electron	heat	flux,	10%	the	free-streaming	
heat	flux	

ni		ion	density	
ne	electron	density	

Λ		cooling	funcBon	
D	shocked	layer	thickness	

ve,cs	electron	thermal	velocity	
me			electron	mass	

ρej				ejecta	density	
vrs			reverse	shock	velocity	



RadiaKve	and	heat	conducKon	fluxes	
are	large	in	SN1993J	

R = Qecs + Frad
Fmech



Conclusions	

•  We	create	and	observe	the	evoluKon	of	
hydrodynamic	instabiliKes	in	the	HEDP	regime	

•  We	have	observed	the	reducKon	in	KH	growth	
due	to	compressibility	effects	(Wan,	PRL	2015)	

•  We	have	observed	mode	coupling	in	RM	(Di	
Stefano,	APL	2015)	

•  We	have	observed	ablaKve	stabilizaKon	of	the	
RT	instability	(Kuranz,	Nature	Communica4ons	
2018)	
–  Future	work	through	NIF	DS	to	measure	temperature	


